Aims/hypothesis We investigated the contribution of AGEs to the impairment of reverse cholesterol transport (RCT) variables in diabetic individuals and in two animal models of diabetic obesity and of renal impairment. Methods The capacity of plasma and HDL from 26 individuals with moderately controlled type 2 diabetes to support cholesterol efflux was compared with 26 age-and sexmatched individuals without diabetes. We also compared the rates of RCT in vivo in two animal models: db/db mice and mice with chronic renal failure. Results Diabetic individuals had characteristic dyslipidaemia and higher levels of plasma AGEs. The capacity of whole plasma, ApoB-depleted plasma and isolated HDL to support cholesterol efflux was greater for diabetic patients compared with controls despite their lower HDL-cholesterol levels. The capacity of plasma to support cholesterol efflux correlated with plasma levels of cholesteryl ester transfer protein and levels of ApoB, but not with levels of AGE. RCT was severely impaired in db/db mice despite elevated HDL-cholesterol levels and no change in AGE concentration, whereas RCT in uraemic mice was unaffected despite elevated AGE levels. Conclusions/interpretation AGEs are unlikely to contribute significantly to the impairment of RCT in type 2 diabetes.
Introduction
Type 2 diabetes increases the risk of coronary heart disease two-to fourfold [1] . The increased risk of atherosclerosis in diabetes is multi-factorial with dyslipidaemia considered one of the most important atherogenic factors [2, 3] . It is clear that there are diabetic-specific lipid-related factors that contribute to the development of diabetes-induced H. Low and A. Hoang contributed equally to this study.
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Diabetes-related changes in cholesterol metabolism may be critical for diabetes-induced atherosclerosis. Diabetesinduced changes in the forward transport branch of lipoprotein metabolism have been investigated [2] , but knowledge about the characteristics of HDL and its relationship to reverse cholesterol transport (RCT) is limited. Several elements of RCT are affected by diabetes. For example, HDL levels are consistently low in patients with type 2 diabetes [4] and activities of lecithin:cholesterol acyl transferase (LCAT) [5] and of phospholipid transfer protein (PLTP) [6] and expression of HDL-binding molecules, such as CD36 [7] or SR-B1 [8] , are all affected by diabetes. Furthermore, composition and functionality of HDL particles are also altered in diabetic patients [4] . Cholesterol efflux was reported to be impaired in diabetic patients partly due to the effect of increased concentrations of fatty acids on the ATP binding cassette transporters (ABCs) [9] , or due to increased triacylglycerol content of HDL [10] . Earlier studies had also shown impaired cholesterol efflux when cells were incubated with plasma from diabetic individuals [11] . On the other hand we have recently demonstrated that cholesterol efflux to plasma from insulin-resistant individuals is greater than that of insulin-sensitive individuals [12] . Despite these advances, the specific mechanisms of RCT impairment and its contribution toward the pathogenesis of atherosclerosis in diabetic patients are still unknown.
Diabetes is characterised by chronic hyperglycaemia, which facilitates an accelerated non-enzymatic reaction between glucose and proteins to yield crosslinked proteins known as AGEs. Persistent hyperglycaemia and oxidative stress act to hasten the formation of AGEs not only in longlived proteins, but also in short-lived molecules such as apolipoprotein A-I (ApoA-I) [13, 14] . We [15] and others [16, 17] demonstrated that AGE modification impairs HDL functionality, which may contribute to the increased risk of atherosclerosis in diabetic patients. Most of these findings, however, were related to HDL modified in vitro and it is not clear if that level of HDL modification occurs in patients with uncontrolled and controlled diabetes. Further, the contributions of AGE modification of HDL and other AGEs in plasma to possible changes in RCT in diabetic patients are also unclear. This was investigated in a cross-sectional clinical study that compared diabetic patients with healthy controls. Because RCT could not be quantified directly in humans, we also investigated these questions more directly in two animal models. We found that the levels of AGE in human plasma in vivo did not impair variables of RCT nor did AGEs contribute to the impairment of RCT in the animal models. We therefore infer that other diabetes-related factors are more likely to be responsible for the impairment of RCT when that occurs in diabetes.
Methods
Patients Diabetic patients were recruited through the Diabetic Clinic at the Alfred Hospital (Melbourne, VIC, Australia). Inclusion criteria were: males and post-menopausal females, non-smokers, 55-75 years of age. All patients were taking metformin (850-2000 mg/day) and 50% of the patients were taking anti-hypertensive medications as well as medications to control other co-morbidities. A control group was recruited among volunteers, who were known not to have diabetes and were medication-free. All patients gave informed consent to the study, which was approved by the Alfred Hospital Human Ethics Committee (#196-05).
Plasma and HDL Ten millilitres of fasting blood was collected into EDTA tubes and plasma was obtained by low-speed centrifugation. ApoB-depleted plasma was obtained after precipitation of ApoB-containing lipoproteins as described previously [18] . HDL (1.083<d<1.21 g/l) was isolated from 2 ml of plasma by sequential centrifugation in KBr solutions.
Animals In the first model, male lepr (−/−) C57BL/KsJ (db/db; Jackson Laboratories, Bar Harbor, ME, USA) or littermate lepr (+/+) C57BL/KsJ mice were studied at 10 weeks of age. All mice were obtained from colonies maintained at the Alfred Medical Research and Education Precinct Animal Services (AMREP AS, Melbourne, VIC, Australia). Standard mouse chow and water were provided ad libitum.
In the second model, male C57BL/6 mice were randomised to receive oral gavages with adenine (1 mg kg
) or vehicle (0.5% methylcellulose) for 4 weeks (n06/group). This results in marked tubulointerstitial fibrosis and nephron dropout, consistent histologically with changes seen in advanced chronic kidney disease [19] .
Animal experimentation was approved by the AMREP Animal Ethics Committee (approval #E/0814/2009/B); experiments were conducted in compliance with the 'Principles of laboratory animal care' (National Institutes of Health publication no. 85-23).
Ex vivo cholesterol efflux assay Cholesterol efflux was measured as described previously [18] . Briefly, THP-1 cells were incubated in serum-containing medium supplemented with [ 3 H]cholesterol (75 kBq/ml) for 48 h and simultaneously activated with the liver X receptor (LXR) agonist TO-901317 (final concentration 4 μmol/l). Cells were then incubated for 24 h in serum-free medium in the presence of TO-901317. Plasma, ApoB-depleted plasma or lipoprotein-deficient plasma was then added to the final concentration of 1%; alternatively, isolated HDL was added to a final concentration of 10 μg/ml of ApoA-I. Cells were incubated for 2 h, after which aliquots of medium and cells were counted. The efflux was calculated as a proportion of radioactivity that moved from medium to cells (after subtracting efflux to medium without acceptors).
In vivo RCT assay Cholesterol efflux in vivo was measured using a model described by Rader and colleagues [20] , with modifications described previously [21] . Briefly, RAW 264.7 macrophage cells were radiolabelled and loaded with cholesterol by incubating with 1.1 GBq/ml [ 3 H]cholesterol and acetylated LDL (50 μg/ml) for 48 h. Cells were washed, incubated for 24 h in serum-free medium, harvested and resuspended in 0.15 mol/l sterile saline at a concentration of 10 7 cells/ml. Cells were injected intraperitoneally into male mice (2×10 6 cells containing 5×10 6 dpm per mouse, n06/group). After 24 h, mice were killed and blood, liver and faeces collected. Aliquots of plasma were counted and cholesterol from liver and faeces was extracted according to Folch et al [22] .
Plasma analysis Total cholesterol, HDL-cholesterol, LDLcholesterol and triacylglycerol levels in human and mouse plasma were measured using a colorimetric microassay (Wako, Osaka, Japan). HbA 1c levels in human plasma were measured by the Clinical Chemistry Department of the Alfred Hospital. Preβ 1 -HDL, LCAT and cholesterol ester transfer protein (CETP) concentrations in the human plasma were measured by ELISA (Sekisui Medical, Tokyo, Japan). ApoA-I and ApoB levels in human plasma were measured using a COBAS Integra 400 Plus blood analyser. AGE levels in human plasma and isolated HDL were measured as carboxymethyl lysine (CML) using an assay from MBL International (Woburn, MA, USA) and AGE levels in mouse plasma were measured as described previously [23] . The amounts of labelled cholesterol and cholesteryl esters in mouse plasma were established after separating aliquots of mouse plasma using thin layer chromatography as described previously [24] .
Statistics Means ± SD are shown unless indicated otherwise. Statistical significance of the differences was assessed using unpaired Student's t test. Pearson correlations (unadjusted) were applied to test associations between continuous variables. Continuous variables that were positively skewed were logarithmically transformed to derive approximate parametric data.
Results
Clinical study Twenty-six patients with established type 2 diabetes were compared with an equal number of controls in a cross-sectional study. Diagnosis of type 2 diabetes was based on elevated blood glucose levels using internationally accepted criteria. All patients were receiving metformin to control diabetes as well as a range of other medications for co-morbidities, but patients taking statins or fibrates were excluded from this group. In addition, a group of 17 patients taking statins was also recruited. Individuals in the control group were medication-free. Anthropometric and diseaserelated data are presented in Table 1 . Control and diabetic groups did not differ in sex ratio and age, whereas the group of diabetic patients on statins was slightly older and had a higher proportion of females. Patients with diabetes had mean disease duration of 7 years and HbA 1c levels consistent with moderately controlled diabetes. Diabetic patients had significantly higher body weight, BMI and plasma AGE concentrations than controls.
Lipid-related variables for the three groups are shown in Table 2 . As expected, patients with type 2 diabetes had lower levels of plasma HDL-cholesterol and ApoA-I and higher levels of plasma triacylglycerols. Plasma levels of total cholesterol, LDL-cholesterol, VLDL-cholesterol and ApoB were similar for the two groups; consequently the LDL-/HDL-cholesterol ratio was higher in patients with diabetes. Patients treated with statins had lower total cholesterol and LDL-cholesterol levels. Consistent with previous findings [12] , mean preβ 1 -HDL level was lower in diabetic patients. Furthermore plasma concentrations of LCAT were lower and CETP levels were higher in patients with diabetes.
The functionality of plasma and HDL of patients and controls toward RCT was then assessed in an ex vivo cholesterol efflux assay. Differentiated human monocyte-macrophages THP-1 activated with LXR agonist TO-901317 to upregulate expression of the ABC transporters were used as cholesterol donors. When whole plasma was used as an acceptor, the efflux of cholesterol to plasma from diabetic patients was 30% higher than plasma from controls (p<0.001, Fig. 1a ). When plasma depleted of ApoB-containing lipoproteins was tested in a similar experiment, the average efflux was 60% lower than to full plasma, but again, the efflux to plasma from diabetic patients was 34% higher than to plasma from controls (p<0.001, Fig. 1b ). In these experiments plasma was added at equal volumes despite plasma from diabetic patients containing less HDL-cholesterol and ApoA-I. When recalculated to equal ApoA-I concentration, the efflux to whole plasma and ApoB-depleted plasma from diabetic patients was, respectively, 47% and 45% higher.
Statins are frequently used to control dyslipidaemia in diabetic patients; therefore we also tested plasma from a smaller group of patients with diabetes treated with statins. The efflux to whole and ApoB-depleted plasma of patients from this group was 50% higher compared with plasma from individuals in the control group. There was no statistically significant difference in the efflux to plasma from diabetic patients treated and not treated with statins. A possible direct effect of another medication, metformin, was also investigated. Metformin added to plasma ex vivo at a concentration of 1.2 μg/ml [25] did not affect cholesterol efflux (3.6±0.2% vs 3.5±0.5% p00.9).
We then isolated pure HDL from plasma of individuals in control and diabetes groups and tested it in the same assay; equal amounts of HDL (ApoA-I) were added to the assay. The efflux of cholesterol to isolated HDL of diabetic patients was almost twice that of control individuals (p< 0.001, Fig. 1c) . Further, the efflux capacity of several samples of lipoprotein-deficient plasma (LPDP) from the two groups was not significantly different between the groups (Fig. 1d) . Thus, the capacity of plasma and HDL from patients with type 2 diabetes to support cholesterol efflux was higher than that from healthy individuals.
To gain an insight into a possible explanation for the elevated cholesterol efflux capacity of plasma and HDL in diabetic patients, we considered associations between cholesterol efflux and other variables measured in this study. The associations were tested in the control group and the group of patients with diabetes not receiving statins. When cholesterol efflux to the whole plasma was considered for the combined group (all participants), it correlated with plasma CETP concentration, plasma ApoB, total cholesterol and total triacylglycerol levels ( Fig. 1a-c) . These relationships disappeared when cholesterol efflux to ApoB-depleted plasma was considered. Cholesterol efflux to ApoB-depleted plasma correlated with efflux to HDL in all groups (r00.459, p<0.02 ]cholesterol and activated with TO-901317 (4 μmol/l) as described in Methods. Cells were then incubated for 2 h with whole plasma (1%) (a), apoB-depleted plasma (1%) (b), isolated HDL (10 μg/ml of apoA-I) (n013 in each group) (c) and lipoprotein-deficient plasma in concentration of protein equivalent to 1% plasma (n07 in each group) (d). Cholesterol efflux is expressed as proportion of labelled cholesterol moved from cells to medium. **p<0.01 vs control group for combined group), but not with the efflux to the whole plasma (p>0.2). In the control group the efflux to whole plasma correlated with ApoB and preβ 1 -HDL, whereas in the diabetic group efflux correlated positively with CETP and negatively with BMI and HbA 1c (Table 3, ESM Fig. 1) . The efflux to ApoB-depleted plasma from diabetic patients correlated positively with ApoA-I and HDL-cholesterol and duration of diabetes, and negatively with plasma triacylglycerol level (Table 3) ; these correlations were not found in controls (Table 3) . Importantly, there was no significant correlation between cholesterol efflux and plasma concentration of CML (Table 3) , nor with plasma levels of LCAT (not shown) in any group and for any acceptor.
Another interesting finding was that plasma HDL level in the combined group correlated positively with plasma LCAT level (r00.325, p<0.02) and there was a trend for a negative correlation with plasma CML level (r00.277, p0 0.06); whereas plasma preβ 1 -HDL level correlated positively with LCAT (r00.320, p<0.02) and negatively with plasma CETP level (r0−0.354, p<0.01).
Animal studies To further investigate a connection between AGE and RCT we used two animal models. The first model was the db/db mouse. These mice have been extensively used to study type 2 diabetes including diabetes-induced dyslipidaemia [26] . In contrast to humans with type 2 diabetes, db/db mice have elevated levels of HDL [26] . The development of diabetes in these mice has several phases, with AGE levels being not elevated until the final stage characterised by hypoinsulinaemia and increasing hyperglycaemia [27] . The second model was that of chronic kidney failure induced by 4 weeks of treatment with adenine [28, 29] . The subsequent uraemia is associated with high AGE levels without hyperglycaemia and within a metabolic milieu dissimilar to diabetes. Comparison of the two models allowed specific assessment of the effect of AGE modification separately from other possible modifications characteristic of each model. Plasma levels of AGE and lipid-related variables for the mouse models are shown in Table 4 . As expected, db/db mice had elevated levels of total and HDL-cholesterol and triacylglycerol. AGE levels were similar in db/db versus control ( +/+ ) mice. On the other hand, AGE levels were 1.5-fold higher in uraemic mice compared with those without uraemia (p<0.05), whereas levels of total and HDLcholesterol were similar and triacylglycerols levels were lower. Thus, the db/db model provided a metabolic environment characteristic of type 2 diabetes, but without AGE elevation, whereas the uraemic model provided an environment with elevated AGEs, but without metabolic features of diabetes.
We used a well-established in vivo model of RCT that follows transfer of labelled cholesterol from RAW 264.7 mouse macrophages implanted into the peritoneal cavity to plasma, liver and faeces. The amount of labelled cholesterol was 2.6-fold lower in plasma, 2.9-fold lower in liver and 1.7-fold lower in faeces in db/db mice compared with control ( +/+ ) mice; there was no difference in the amount of labelled bile acids in faeces (Fig. 2a-d) . We also investigated the possibility that some cholesterol may have been excreted in urine in diabetic mice, but none was found. These findings are consistent with severe impairment of RCT in db/db mice despite apparently elevated HDLcholesterol and no elevation in AGE levels.
In contrast to db/db mice, RCT in uraemic mice was not impaired when compared with the control mice: the amounts of labelled cholesterol in plasma, liver and faeces were similar between uraemic and control mice (Fig. 2e-h ), and there was no cholesterol excreted into urine. This finding suggests that increased AGE per se is not responsible for the impairment of RCT.
We further investigated cholesterol esterification in all mouse models. As expected, most of labelled cholesterol was esterified after 24 h in both db/db and control ( +/+ ) mice (Fig. 3a) . There was a proportional decrease in both free and esterified cholesterol in db/db compared with the control mice indicating no impairment in the plasma stages of RCT (Fig. 3a) . In contrast, in uraemic mice there was a substantial reduction of cholesteryl esters and elevation of free cholesterol (Fig. 3b) , and the cholesteryl ester/free cholesterol ratio was reduced from 1.6 to 0.24. This finding is consistent with previously documented impairment of LCAT resulting from renal failure [30] , but this, however, did not result in impairment of the overall efficiency of RCT in this model.
We also tested the capacity of plasma from all mouse models to support cholesterol efflux ex vivo in the same assay used in the clinical study. Consistent with the finding with human plasma, plasma from db/db mice was 22% more efficient at supporting cholesterol efflux compared with plasma from control ( +/+ ) mice (Fig. 3c) . However, when elevated HDL-cholesterol in db/db mice was taken into account, and the efflux was normalised to plasma HDL-cholesterol levels, the difference was reduced and was no longer statistically significant (4.7±0.2 in control vs 4.4±0.1 in db/db mice, p00.2) indicating that, in contrast to humans, a significant proportion of improved functionality of plasma toward cholesterol efflux was due to elevated HDL-cholesterol levels. Cholesterol efflux to plasma from uraemic mice was similar to that for plasma from control mice (Fig. 3d) .
Discussion
AGE accumulation is a characteristic feature of diabetes and is thought to play an important role in the pathogenesis of diabetic complications, including cardiovascular disease. Glycation may affect RCT in two ways. Firstly, HDL and its main apolipoprotein ApoA-I may be subject to AGE modification despite its relatively short half-life in plasma. Advanced glycation of ApoA-I in vitro severely impaired multiple aspects of its functionality when measured in vitro [15, 16, 31] . Although AGE-modified HDL has been shown to be present in patients with uncontrolled diabetes associated with renal deficiency [15] , it is unclear what levels of AGE-HDL are present in patients with moderate glycaemic control (the majority of patients seen in clinical practice) and how much this may affect HDL functionality. Secondly, the presence of other AGE-modified proteins such as albumin may affect RCT in the absence of modification of HDL itself. AGE-albumin impaired ABCA1, ABCG1 and SR-B1-dependent cholesterol efflux in vitro [32] [33] [34] and ex vivo [35] . The contribution of AGEs to possible impairment of RCT pathway in diabetic patients is not clear.
In the clinical study we compared functionality of HDL from diabetic patients and controls with respect to cholesterol efflux. Glycaemia in these diabetic patients was moderately controlled but they nevertheless still had significantly elevated plasma AGE levels. The capacity of plasma, ApoB-depleted plasma and isolated HDL to support cholesterol efflux was significantly higher in diabetic patients. This is counterintuitive, as HDL functionality was expected to be impaired in diabetes. It must be noted that very few studies have investigated functionality of HDL isolated from plasma of patients with controlled type 2 diabetes, and findings in such studies have shown decreased [35, 36] , unchanged [37, 38] or increased capacity of plasma to effect cholesterol efflux [12, 39] .
To investigate possible reasons that may explain these observations, we studied the associations between cholesterol efflux and other variables measured in this study. One outcome of this analysis was that there was no association between plasma AGE levels and cholesterol efflux. This, combined with the observation that AGE levels in HDL were similar between the two groups with different efficiency for cholesterol efflux, makes it unlikely that AGE modification of HDL affects plasma capacity for cholesterol efflux.
Plasma levels of CETP and ApoB-containing lipoproteins most strongly correlated with changes in cholesterol efflux. This is consistent with our previous findings [12] and we have previously suggested that ApoB-containing lipoproteins may act as a 'sink' to which cholesterol taken up by HDL may be transferred, directly or by CETP after esterification, to improve the capacity of HDL to take up more cellular cholesterol [18] . We hypothesise that the reason why plasma and HDL from diabetic patients are more active in cholesterol efflux is through their higher levels of CETP. Higher activity of CETP would facilitate transfer of HDLcholesterol to ApoB-containing lipoproteins, reducing the amount of cholesterol in HDL, reducing HDL particle size and increasing their capacity to accept new cholesterol from cells even when ApoB-containing lipoproteins are removed. This is consistent with several reports that smaller particles are more active in cholesterol efflux [40, 41] , and our recent finding of a correlation between the ability of plasma to support cholesterol efflux and CETP concentration [12] . It is, however, inconsistent with findings that functionality of HDL particles formed as a result of inhibition of CETP was not impaired [42, 43] . The only chemical modification of HDL known to increase its capacity to support cholesterol efflux is oxidative tyrosilation [44] ; this was not tested in this study.
A limitation of this study was that patients were not medication-free. A common treatment received by all patients with diabetes was metformin and metformin has been shown to restore the capacity of glycated HDL to effect cholesterol efflux [45] . We have deliberately chosen a group of patients with controlled diabetes, nonetheless there was a high level of AGE in their plasma and especially in HDL. Despite this, the functionality of HDL was increased at least with respect to influencing the efflux ex vivo, a finding inconsistent with a 'restoration' hypothesis. However, it was thought possible that metformin present in plasma could affect cells during the ex vivo cholesterol efflux assay; this possibility was ruled out in a direct experiment. Treatment with another commonly used medication, statins, was investigated directly and shown not to be responsible for elevation of cholesterol efflux, a finding consistent with our previous study [46] .
In the animal studies, we compared mouse models of diabetes and of kidney failure. Db/db mice are a wellestablished model of type 2 diabetes [47] . The mice were studied at 10 weeks of age, when they have type 2 diabetes, characterised by high insulin and modest hyperglycaemia, but the AGE levels are not yet elevated. Despite that, RCT in these mice was severely impaired. The likely RCT step affected by the diabetic milieu was the capacity of cells to release cholesterol because the amount of transported cholesterol was reduced in all three compartments, plasma, liver and faeces, whereas the capacity of plasma of these animals to support cholesterol efflux ex vivo and esterification of cholesterol in vivo was not impaired. In contrast, RCT was unaffected in uraemic mice with elevated AGE levels. These mice showed impaired cholesterol esterification, a wellknown consequence of kidney failure [30] , but this also did not affect overall RCT. Thus, diabetes in the absence of AGE elevation inhibited RCT, whereas elevation of AGE in the absence of diabetes did not affect RCT. These findings support our contention that AGEs do not have a role in impairing RCT in diabetes.
Overall, we hypothesise that AGE modification of HDL, at least to the degree seen in patients with moderately controlled type 2 diabetes, is insufficient to cause functional impairment of HDL to effect cholesterol efflux. Moreover, this capacity of HDL is greater in patients with diabetes due to cholesterol depletion of their HDL caused by higher activity of CETP. Modifications, including AGE modifications of other elements of RCT, such as capacity of cells to release cholesterol or capacity of liver to take up cholesterol from HDL and LDL, may be responsible for impairment of RCT seen in animal models and in some clinical trials. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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